Context. 67P/Churyumov-Gerasimenko (67P/C-G) is a short-period Jupiter family comet with an orbital period of 6.55 yr. Being the target comet of ESA's Rosetta mission, 67P/C-G has become one of the most intensively studied minor bodies of the solar system. The Rosetta Orbiter and the Philae Lander have brought us unique information about the structure and activity of the comet nucleus, as well as its activity along the orbit, composition of gas, and dust particles emitted into the coma. However, as Rosetta stayed in very close proximity to the cometary nucleus (less than 500 km with a few short excursions reaching up to 1500 km), it could not see the global picture of a coma at the scales reachable by telescopic observations (10 3 −10 5 km). Aims. In this work we aim to connect in-situ observations made by Rosetta with the morphological evolution of the coma structures monitored by the ground-based observations. In particular, we concentrate on causal relationships between the coma morphology and evolution observed with the Nordic Optical Telescope (NOT) in the Canary Islands, and the seasonal changes of the insolation and the activity of the comet observed by the Rosetta instruments. Methods. Comet 67P/C-G was monitored with the NOT in imaging mode in two colors. Imaging optical observations were performed roughly on a weekly basis, which provides good coverage of short-and long-term variability. With the three dimensional modeling of the coma produced by active regions on the southern hemisphere, we aim to qualify the observed morphology by connecting it to the activity observed by Rosetta. Results. During our monitoring program, we detected major changes in the coma morphology of comet 67P/C-G. These were long-term and long-lasting changes. They do not represent any sudden outburst or short transient event, but are connected to seasonal changes of the surface insolation and the emergence of new active regions on the irregular shaped comet nucleus. We have also found significant deviations in morphological changes from the prediction models based on previous apparitions of 67P/C-G, like the time delay of the morphology changes and the reduced activity in the northern hemisphere. According to our modeling of coma structures and geometry of observations, the changes are clearly connected with the activity in the southern hemisphere observed by the Rosetta spacecraft.
Introduction
Whilst comet 67P/Churyumov-Gerasimenko (hereafter 67P/C-G) was under continuous investigation by the scientific instruments on board the Rosetta spacecraft for over two years (since in August 2014), relatively little has been done yet to connect spacecraft data with the remote-sensing observations from the ground. Rosetta provides us with a vast amount of precious information about one comet, its target 67P/C-G, but does not give us information about any other comets in the solar system. However, we can visit a comet only once in a while, hence we must rely on ground-based observations when gathering information about the ensemble of comets. Therefore, it is of utmost importance that for 67P/C-G the spacecraft measurements are linked with observations from the ground in order to better understand and interpret the results of ground-based observations. In this manner, we will eventually be able to transfer what we learn from Rosetta to other comets only observed from the ground.
The Rosetta mission has provided us with the unique opportunity to monitor the evolution of comet 67P/C-G along its orbit around the Sun from close proximity and in parallel with observations from ground-based telescopes. In this work, we present our observations with the Nordic Optical Telescope (NOT) on the detailed evolution of 67P/C-G coma morphology, compare it with the predictions based on past observations, and connect it to the nucleus surface illumination and local activity data obtained with the Rosetta spacecraft.
Changes in the global morphology of the coma observed from the ground can be connected with the seasonal changes in insolation of the surface of the comet nucleus as identified by Rosetta. The first evidence of a similar connection was suggested by Sekanina in 1988 to explain periodic changes in the coma A&A 604, A3 (2017) structure of comet 2P/Encke (Sekanina 1988) . For comet 67P/C-G seasonal effects on coma morphology were already predicted before the arrival of the spacecraft (Vincent et al. 2013 ) and were later confirmed by the in-situ measurements obtained with Rosetta. In May 2015 new areas of the comet nucleus were exposed to the sunlight, starting summer season on the southern hemisphere (Tosi et al. 2016) . This can also be confirmed by the Rosetta NavCam Public domain images ( Fig. 1) and by the series of outbursts observed by the OSIRIS camera on board Rosetta (Vincent et al. 2016 ). In the subsequent time period, the morphology of the coma as observed from the ground also started to evolve from an almost symmetrical profile, with a visible dust tail and a subsolar fan into a highly asymmetrical structure with two jets, one emerging into roughly subsolar direction and the other roughly in the southern direction in the coma as projected on the plane of the sky. A similar structure was already detected during the post-perihelion phase of the apparition in 2003 (Weiler et al. 2004 ), but not in the pre-perihelion observations in 2008 . This indicates that the observed change had returned during the post-perihelion phase of the comet for at least two apparitions, hence is periodic and connected with the averaged activity over a certain orbital phase − in other words with the average seasonal activity.
Our observations were obtained under exceptional geometrical conditions, that is, the Earth moved in the same direction as the comet along its orbit. Therefore ground-based observers had the unique opportunity to observe the target from almost the same geocentric distance for a prolonged period of time, covering a wide range of heliocentric distances and seasonal changes. While the heliocentric distance of the comet, r, changed continuously, the spatial scale of the images remained almost constant, which made it possible to compare the observed coma features without having to deal with effects of changing spatial resolution in the images. Although a large variety of telescopes were observing comet 67P/C-G in support of the Rosetta mission (Snodgrass et al. 2017) , the majority of those observations were not continuous and do not cover all periods of activity evolution. The observations with the NOT have the advantage that the comet was regularly observed over almost the entire period of its visibility from the ground with the same instrument configuration and even with almost the same image scale. While other monitoring programs such as that described in Boehnhardt et al. (2016) focused mostly on the photometry and estimation of dust parameters, our work concentrates on the analysis of the temporal evolution of the coma morphology and aims at providing a qualitative explanation for the observed phenomena. 
Observations
Our observations were performed with the NOT − a 2.56-m telescope located on La Palma, Canary Islands, Spain, using the ALFOSC or the StanCam (backup) instrument in the imaging mode with standard Bessel V and R filters. ALFOSC is an optical imaging and spectroscopy instrument with a field of view of 6.4 × 6.4 and angular resolution of 0.189 before 31 March 2016 or 0.213 after 31 of March 2016 due to replacement of the CCD matrix. StanCam is a CCD-camera with a field of view of 3 × 3 arcmin and angular resolution of 0.179 arcsec. The typical seeing of the NOT is 0.45 −1 , thus the true spatial resolution runs from 550 km to 1700 km, here calculated for the heliocentric distance r = 1.7 AU, but approximately valid for most of the observations. The scales at which we observe are much larger than the scales of any Rosetta measurement and therefore physical features like jets cannot be directly compared.
A typical observation block had 6 × 200 s exposures in the V band and 7 × 200 s exposures in the R band in addition to the calibration frames. To enhance the signal-to noise-ratio (S/N), we added up all the images into a single one for each night and each filter, excluding images where the coma was badly contaminated with any background object like a star or a galaxy. The first successful observations of 67P/C-G after Solar conjunction were performed on 1 July 2015 in the early morning − almost at twilight. Thereafter, the target was monitored on a weekly basis, but some of the observations were of a reduced quality due to the poor atmospheric conditions or Moonlight. The timeline of the successful observations is shown in Fig. 2 and detailed information is presented in Tables A.1 and A.2.
Analysis

Image reduction
Images were reduced and calibrated using the standard procedures of bias level subtraction and flat-field correction with IRAF (Tody 1986 ). Background objects contaminating the coma were manually masked to avoid biasing of the results. This can be seen as dark stripes on the images in Fig. 4 .
To reveal asymmetrical coma structures and enhance contrast on morphological details we have processed our images of comet 67P/C-G in the following way: the azimuthally averaged brightness was plotted as a function of distance from the optocenter, which is also the brightest point of the coma and the position of the comet nucleus. After a smoothing with the cubic spline method, the azimuthally averaged images were subtracted from the original ones. This way any deviation from the circularly symmetrical coma profile would be clearly visible.
The results were verified using two other techniques, unsharp masking and elliptical isophote fitting with no significant difference to our first method. This excludes artifacts as a possibility. Therefore we have continued with the simplest and the most straightforward method described above. Series of processed images covering main evolution steps of the coma are presented in Fig. 4 . The directions of the jets as projected on the plane of the sky were measured as an angle between celestial north and the best fit point of maximum surface brightness associated with the jet at a projected distance of 10 4 km. The error limits provided are defined from the output of the fitting routine (3σ limits) combined with the sensitivity of the results to the exact subpixel position of the optocenter. The results are presented in Tables A.1 and A.2.
For several epochs where both filters were used, a color analysis was performed. The observed images in R band were shifted, normalized, and subtracted from the normalized V band images of the same night. The resulting images appeared flat, apart from some artifacts caused by different seeing for the R and V filters, and no significant color differences in morphological features of the coma were observed within the available S/N. This may be explained by either a relatively uniform dust-to-gas ratio or a rather small contribution of the gaseous coma to the total brightness, which is caused by a high dust-to-gas ratio also reported by Moreno et al. (2016) .
Three-dimensional modeling of coma
The images we obtain with the telescope are only twodimensional projections of real three-dimensional phenomena. Therefore, to provide an interpretation of observed morphological features, we have to construct a three-dimensional model, which in projection should reproduce our observations. With the Rosetta observations (Preusker et al. 2015 ) the rotational axis orientation and the rotation speed of the nucleus were measured with extremely high precision.
In the simplest case, the activity of the southern regions of the comet can be approximated as a single large-scale diffuse jet, which is ejecting dust and gas in the direction perpendicular to the imaginary spherical surface of a coordinate grid. The average propagation velocity of the dust can be estimated from the results of Boehnhardt et al. (2016) , who determine a coma dust expansion velocity up to 150 ± 30 m/s at r = 1.25 AU. This means it would take less than a day for the dust to reach distances of 10 4 km. Therefore, the propagation time of the dust can be neglected in the model. As the rotation period is only 12 h (Preusker et al. 2015) , the jet is smeared into a conical cloud of dust, with the symmetry axis parallel to the rotational axis of the comet and with an opening angle of 2 × (90
• − lat), where lat is a latitude of the radial direction of the dust ejection. In a spherical model of a cometary nucleus, this number would also be the latitude of the location of the active area on the cometary surface. However, as the shape of the nucleus is irregular, the direction normal to the surface deviates significantly from one predicted solely by the topological latitude. As the coma is optically thin, we can integrate its density along the line of sight and reproduce the two-dimensional projection we observe from the ground. In that way, our model also resolves the continuously changing apparent geometry in our observations.
For this work, we assumed a latitude of the dust ejection direction around 55
• South, as it reproduces the morphology of the coma as observed from the ground in the later stages (see Fig. 3 ) and is in a plausible agreement with the Rosetta data (Vincent et al. 2016) and with the models for the previous apparitions of 67P/C-G (Vincent et al. 2013 ).
There are several important assumptions made in this model. First of all, the activity may be strongly modulated by the daynight circle on the comet, intensifying one side of the conical fan in comparison to the other. For instance, the small outbursts around perihelion were reported to show a regularity in the local time that indicates a connection with the rotation of the nucleus (Vincent et al. 2016 ). However, later in the postperihelion phase a significant night side activity was observed as well (Knollenberg et al. 2016 ). This may explain why the structures predicted by the model are in much better agreement with the observations beyond r = 1.5 AU than closer to perihelion. In the future, as more of the Rosetta data on comet 67P/C-G's activity is published and it becomes possible to perform a deep meta-analysis, the location of the active regions could be traced separately for each epoch of our observations and we can investigate the timescales and causes of the evolution of morphological features in great detail.
Results
The morphology of the coma structure of comet 67P/C-G has been followed for the entire visibility period with frequent imaging with the NOT in R and V bands and the information on its evolution has been successfully obtained. Some of those images are presented in Fig. 4 to cover the critical steps of observed evolution of the coma. The details of the successful R-band and V-band observations are presented in Tables A.1 and A.2, respectively.
The morphology of the coma structure of comet 67P/C-G has gradually undergone significant changes after the perihelion passage (13 of August 2015). As seen in the upper left corner of Fig. 4 , the pre-perihelion coma shows a major tail feature pointing in the direction of the orbital plane and a short (≤5 × 10 3 km) strongly curved subsolar fan pointing roughly in the direction of the Sun. All asymmetries of the coma can be explained by the angle of incidence of the comet's orbital plane. A similar structure of the coma has also been observed before the Solar conjunction (Zaprudin et al. 2015; Snodgrass et al. 2017) . After the perihelion passage the subsolar fan intensified compared with the tailward activity and its measured surface brightness profile changed. This is in good agreement with the series of outbursts and changes in the activity observed by the Rosetta spacecraft (Vincent et al. 2016) . In late August 2015, roughly a week after the perihelion passage, the subsolar jet started to branch into two separate jets (see Fig. 4 ).
Although the new features appear in the southern hemisphere of the coma, our model fails to reproduce the observations if continuously active areas are assumed on the southern hemisphere of the nucleus, as shown in Fig. 3 . The possible explanations for this may be the day-night cycle modulation discussed in Sect. 3.2 or the obscuration of the jet with the coma components caused by other activity.
Later, after their complete separation, the two jets were also observed by other telescopes (Snodgrass et al. 2017; Boehnhardt et al. 2016; Knight et al., in prep.) . While the subsolar component was constantly pointing roughly in the projected Fig. 3 . Pairs of images of actual observations compared to the calculated southern fan model prediction for the same epoch. The model implies that the conical coma is caused by a single active area ejecting dust and gas in the radial direction with corresponding latitude 55
• South. The jets are modeled to be optically thin and to extend 20 000 km into space. Model predictions for all the observations in spring 2016 are similar to one for January 2016 and are therefore not shown on the image. direction of the Sun, the secondary southern jet slowly turned counter-clockwise until February−March 2016 (see Fig. 4 ). In our model, the two separate jets are simply the projected edges of the three-dimensional conical fan produced by a single active region on the rapidly rotating comet nucleus. The opening angle of the cone, however, is not in exact agreement with the topological latitudes (0 • to 40 • South) of the new active regions reported by Vincent et al. (2016) . This may well be explained by the irregularity of the shape of the nucleus, where the surface normal vector direction deviates significantly from the one predicted by the topological latitude angle of a sphere. In future studies, a full three-dimensional surface model shall be used to calculate the direction of the dust plume propagation for each outburst or activity spot detected.
The morphological changes were also observed with a significant time delay compared with the predictions made from observations during past apparitions of 67P/C-G (Vincent et al. 2013 ). According to those models, the coma would already have developed separate jet structures at the time of perihelion. In addition to the subsolar fan, the secondary jet was expected to point southward and the tertiary jet to point in the northward direction. In contrast to this, we observed the appearance of the secondary southern jet only weeks later, pointing in a direction that would not be expected from the simple activity model and the observation geometry (see Fig. 3 for the September and October observations), and the northern jet was extremely faint or not detected at all in our observations, although we note that Vincent et al. (2013) used a different coma enhancement technique (Laplacian filter).
Discussion
The changes in the morphology of the coma can be explained by the seasonal variation of the illumination of the irregular nucleus surface. In particular, the southern hemisphere of the nucleus has been experiencing winter for more than five years staying far away from the Sun (Tosi et al. 2016) . However, in May 2015 a short summer started and ignited whole new activity regions on the southern hemisphere. This was observed by the Rosetta instruments as the series of outbursts (Vincent et al. 2016) , the emergence of new jets, and an overall increase in gas and dust production rates (Accomazzo et al. 2016) .
In our data, those changes have appeared with a time delay with respect to the change in illumination conditions or with the activity observed by Rosetta (Vincent et al. 2016 ). This delay is significantly larger than the time required for the dust to move to a distance of about 10 000 km from the nucleus − less than one day assuming the terminal velocities of the dust measured by Boehnhardt et al. (2016) . Besides that, we must note that our simple model is insufficient if the activity of the southern regions is variable; for example if it is strongly modulated by a day-night circle or modified by other temporarily active regions. Extremely Fig. 4 . Processed images of comet 67P/C-G observed in R-band with the NOT show main evolution steps of the coma morphology. All images have celestial north pointing up and the direction of the Sun indicated with an arrow. A heliocentric distance r of the target and a spatial scale of the image at the moment of observation is presented in a right-hand corner of each image. The scale is given as the length of a 100-pixel-long white line projected to the distance of the target. Color scale is arbitrary and does not reflect the absolute brightness of the object. faint northern jets were not a complete surprise, as the comet has shown reduced activity on the northern hemisphere over several apparitions and a possible disappearance of the northern jet was already speculated by Vincent et al. (2013) .
As we know from previous studies (Schulz et al. 2015) , the properties of the dust particles evolve over the activity period of comet 67P/C-G. Therefore, as the new fresh surfaces became active, it would not be surprising for the properties of the dust particles to also change. However, no significant changes in dust flux or size distribution were reported by the Rosetta dust analysis instrument COSIMA (Langevin et al. 2016; Merouane et al. 2016) , which could however be due to either low statistics or the fact that ground-based dust observations focus on much smaller particles than those collected by the COSIMA instrument. In our data, we observe an extremely curved subsolar jet around the perihelion (see Fig. 4 ), which later appeared rather straight. This may partly be due to the effect of changing observational geometry (the target was in opposition in March 2016), but may also indicate that the subsolar jet, although projected on the same area of the image, might actually not be the same jet with respect to its origin on the nucleus. Further investigation of dust properties may require spectroscopic and polarization observations of the coma, such as those performed by Hadamcik et al. (2010) during the 2008-2009 apparition of 67P/C-G and several still unpublished observations made during the last apparition. Notes. The directions of the jets are presented as an angle between celestial north, the cometocenter, and the peak of the surface brightness associated with the jet at projected distance of 10 4 km. 
Appendix A: Additional tables
